Galactose oxidase (EC 1.1.3.9) is an enzyme which catalyzes the oxidation of galactose by molecular oxygen.1} In the previous work, 2) Gibberella fujikuroi was found to synthesize and secrete significant amounts of galactose oxidase into the culture medium when the organism was cultivated in a mediumsupplemented with copper ions. The present paper is concerned with the purification of galactose oxidase from G. fujikuroi and some properties of the enzyme, including its identification as a copper-containing metalloenzyme.
MATERIALS AND METHODS
Culture conditions. G.jujikuroi was inoculated into a 30-liter jar fermentor containing 15 liters of a medium (pH 6.0) composed of 1% galactose, 1% yeast extract and 0.01% cupric sulfate. Cultivation was carried out at 30°C for 4 days under aerobic conditions.
Enzyme assay. Galactose oxidase activity was assayed by the following two methods.
(I) Coupled enzymatic method. The enzyme activity was assayed by measuring hydrogen peroxide produced during the oxidation of galactose with a 4-aminoantipyrinephenol-peroxidase system,3} according to the method described previously.2) This method was used throughout the purification procedures and for most investigations of the enzymatic properties. Oneunit was defined as the amount of enzyme which produced 1 /imol of hydrogen peroxide per min. Specific activity was defined as the enzyme units per mgof protein.
(II) Oxygen electrode method. The enzyme activity was assayed by measuring the rate of oxygen consumption with an oxygen electrode (Type SB-OA, Kyusui Kagaku Kenkyusho Co., Tokyo) placed in a thermostatically controlled vessel at 25°C. The reaction mixture contained 250 /imol of galactose, 50 /imol of./V-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-NH4OHbuffer, pH 7.0, and enzyme in a total volume of 3.0ml. This method was used in inhibition studies.
Protein determination. Protein concentration was determined by the method of Lowry et al.4) with bovine serum albumin as standard.
Molecular weight determination. This was performed by Sepharose CL-4B gel filtration according to the method of Andrews5} with the following modifications.
A Sepharose CL-4B column (2.5 x 50cm), which had been previously equilibrated with 0.01 m phosphate buffer, pH 7.0, containing 0.1 mgalactose to prevent the interaction between the enzyme and agarose gel matrix,6) was used. GmbH. & Co., West Germany, Bio-Gel P-100 was from Bio-Rad Laboratories, USA, and Sepharose CL-4B and Sephadex G-25 were from Pharmacia Fine Chemicals, Sweden. Hydroxylapatite was prepared as described by Tiselius et al.9) Other chemicals were the best commercial products available.
RESULTS
Purification of galactose oxidase Purification was carried out at 0~5°C, unless otherwise specified. 1. Ammoniumsulfate precipitation.
The culture broth (15 liters) was filtered, and the filtrate was concentrated 3-fold in vacuo in a flash evaporator below 40°C. Solid ammonium sulfate was added slowly to the concentrate with stirring to give 50% saturation. After 1 hr, the precipitate formed was collected by centrifugation at 20,000 xg for 20 min, dissolved in 200ml of0.01 m phosphate buffer, pH 7.0, and dialyzed against two changes of 5 liters of the same buffer overnight. 2. DEAE-cellulose column chromatography. The dialyzed enzyme solution was applied onto a column (5 x 40cm) of DEAE-cellulose, previously equilibrated with 0.01 mphosphate buffer, pH 7.0. The column was washed first with the same buffer, and then the enzyme was eluted with a linear gradient of NaCl, from 0 to 1.0m. The active fractions were combined, and the enzyme was precipitated by the addition of ammoniumsulfate to 50% saturation. The precipitate was collected by centrifugation at 20,000 x g for 20 min, dissolved in 10ml of0.01 m phosphate buffer, pH 7.0, and dialyzed against two changes of 2. liters of the same buffer overnight. 3. Bio-Gel P-100 gel filtration.
The dialyzed enzyme solution (15ml) was applied onto a column (5x50cm) of Bio-Gel P-100, previously equilibrated with 0.01 m phosphate buffer, pH 7.0. Elution of the enzyme was performed with the buffer. The enzyme was eluted in the vicinity of the void volume of the column. The active fractions were combined, and the enzyme was precipitated by the addition of ammoniumsulfate to 50% saturation. The precipitate was collected by centrifugation at 20,000 xg for 20 min, dissolved in 5ml of 0.01 m phosphate buffer, pH 7.0, and dialyzed against two changes of 2 liters of the same buffer overnight. washed first with the same buffer and then with 0.15 m phosphate buffer, pH 7.0. The enzyme was eluted with 0.20m phosphate buffer, pH 7.0. The active fractions were combined, and the enzyme was precipitated by the addition of ammonium sulfate to 50% saturation. The precipitate was collected by centrifugation at 20,000 x g for 20 min, dissolved in 0.01 m phosphate buffer, pH 7.0, and dialyzed against the same buffer. The purified enzyme (5jug/ml for assay method I and 50jUg/ml for assay method II) was incubated in 50mM TES-NH4OH buffer, pH 7.0, containing various metal salts for 15min at 25°C. Then, the reaction was initiated by addition of galactose. Activities were determined by assay method I or II (*).
The results of purification are summarized in Table I . Galactose oxidase was purified about 330-fold with a recovery of 5% from the culture filtrate.
Properties of galactose oxidase Molecular weight. The molecular weight of the enzyme was determined to be approximately 90,000 by the gel filtration method using Sepharose CL-4B equilibrated with 0.01 m phosphate buffer, pH 7.0, containing 0.1 m galactose (Fig. 1) . When the gel filtration was carried out in the presence of 0.1 m KC1
instead of galactose, galactose oxidase was eluted as a protein of the same molecular weight, but its elution profile was broader and the recovery of the activity was lower.
Isoelectric focusing. As shown in Fig. 2, eluates from the isoelectric focusing column with the carrier ampholytes gave a symmetrical protein peak, and the enzyme activity peak completely coincided with this peak. Thus, the isoelectric point was estimated to be pH 3.7.
Effect of metal salts. The effect of various metal salts on the enzymeactivity was examined (Table II) . CuSO4 showed a strong inhibitory effect, and FeSO4 showed slight inhibition. Other metal salts used here were only slightly inhibitory. Effect of various chemicals. The effect of various chemicals on the enzyme activity was examined (Table III) . Thiol-binding reagents such as AgNO3and iodoacetamide showed a strong inhibitory effect on the enzymeactivity.
iV-Bromosuccinimide also inhibited the enzyme reaction, and it was suggested that a tryptophan residue(s) in the enzyme molecule is (are) involved in the reaction. Effect of metal chelators. The effect of various metal-chelating agents on the enzyme activity was studied (Table V) . Marked inhibition was observed when the enzyme was incubated with sodium diethyldithiocarbamate, which is highly specific for copper, and NaN3, while no inhibition was observed Table III . Effect of Various Chemicals on Galactose Oxidase Activity The purified enzyme (50 /xg/ml) was incubated in 50 mM TES-NH4OHbuffer, pH 7.0, containing various chemicals for 15min at 25°C. Then, the reaction was initiated by addition of galactose. Activities were determined by assay method II. 2,4,6-Trinitrobenzenesulfonic acid. CuCl was dissolved in 50niM Tris buffer, pH 7.0. The apoenzyme (50 /zg/ml) prepared as described under
Methods was incubated at 25°C in 50mMTris buffer, pH 7 .0, containing various concentrations of CuSO4 and FeSO4. Aliquots (0.1 ml) of the incubated sample were removed at intervals, and the galactose oxidase activity was determined by assay method I. The percentage of reactivation was calculated by comparison with the specific activity of the native enzyme. A, no addition; A, 0.1 mM
CuSO4.
on incubation with compounds having a general chelating ability such as EDTA, ophenanthroline and a,a'-dipyridyl, and cuproine, which is specific for cuprous ions.
Reactivation of apoenzyme by various metal salts. In order to clarify the requirement of the metal ions for activation, the apoenzyme, which is inactive, was prepared as described in Methods, and the reactivation of the apoenzyme by preincubation with various metalsalts was investigated (Table VI) . The activity was restored by preincubation with either lmM CuCl or lmM CuCl2, by which the specific activity achieved was a little higher than that of the native enzyme. Other metal salts tested, including FeSO4 and Fe2(SO4)3, were completely ineffective.
Time course of reactivation by copper ions.
The time course of reactivation of the apoenzyme was investigated with various concentrations ofcupric ions. As shown in Fig. 3 , the reactivation rate of the apoenzyme was strongly dependent on the concentration of cupric ion. On incubation with 1 him CuSO4for 2hr, about 120%of the original activity was restored, and a slight decrease in the activity was observed on incubation for several days. With 0.1 mMCuSO4, the reactivation rate was slow and reached the original value after 4-days incubation. Incubation with a mixture of 0.1mM CuSO4 and 0.1mM FeSO4, which is known not to replace CuSO4in reactivation of the apoenzyme, increased the initial rate of reactivation, but did not affect the level of maximumactivity attained.
DISCUSSION
Galactose oxidase from Polyporus circinatus (and/ These results suggest that galactose oxidase is not a simple protein, and the diversity of enzymepreparations arises from differences in fungal strains and their cultural conditions. Galactose oxidase from P. circinatus (and/or D. dendroides) has been shown to contain copper, which corresponds to one atom per mole.10'11'13) The enzyme from G.fujikuroi was found to contain copper and iron in the ratio of one atom per mole, respectively. This copper appeared to be essential for the enzyme activity, because the enzyme activity was completely lost whenthe copper of the enzyme was removed by treatment with diethyldithiocarbamate. On the other hand, iron did not seem to be directly involved in the appearance of the enzymeactivity, because metal chelators such as EDTAand o-phenanthroline did not inhibit the enzyme activity. Therefore, the role of iron contained in the enzyme remains unknown. In the course of reactivation of the apoenzyme with a low concentration of CuSO4, the further addition of FeSO4 increased the initial rate of reactivation without affecting the level of maximumactivity attained. This fact suggests that one of the roles of iron is to increase the rate of incorporation of copper into the apoenzyme. It has been shownthat the copper contained in galactose oxidase from P. circinatus (and/or D. dendroides) is in the cupric state.23) The oxidation state of copper in the native enzyme from G. fujikuroi is not known because reactivation of the apoenzymecould be obtained by the addition of either cuprous or cupric salts. However, cuprous salts might be rapidly oxidized under the experimental conditions, and the enzyme was not inhibited by a cuprous ion-specific chelator, cuproine (Table V) , and was inhibited by incubation with various reducing agents (Table III) . These results suggest that the copper ion is in the cupric state.
To clarify the roles of copper and iron in galactose oxidase from G. fujikuroi, more detailed studies are needed. Further characterization of the enzyme is nowunder way.
